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a b s t r a c t
A culture model was developed in Vitis vinifera L., cultivar ‘Chardonnay’ for studying SE (Somatic
Embryogenesis). The auxin 2,4-D (2,4-Dichlorophenoxyacetic acid) was used to induce indirect
secondary embryogenesis at a high rate, starting from embryos derived from embryogenic cultures
previously obtained. Cotyledonary embryos were shown to be more responsive to SE induction than
embryos at the torpedo-stage and were used for molecular analyses. The expression of SERK (Somatic
Embryogenesis Receptor Kinase), L1L (Leafy Cotyledon1 Like) and a set of PR (Pathogenesis-Related) genes
was monitored during the whole SE process. VvSERK1, VvSERK2 and VvL1L were down-regulated by the
2,4-D treatment but expressed in embryonic tissues. On the contrary, VvPR1, VvPR8, VvPR10.1 and
VvPR10.3 were strongly up-regulated by the 2,4-D treatment, and their transcripts were not or only
weakly detected in clusters of secondary embryos. VvSERK3, VvPR3 and VvPR10.2 were more stably
expressed in all tissues examined. The discussion deals with the putative role of the different genes in
grapevine SE.
 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction
Somatic embryos are the most suitable tissues for trans-
formation of grapevine, transgenesis providing new opportunities
for improving this world-wide important crop [44]. Unfortunately,
economically important cultivars remain recalcitrant to in vitro
biotechnologies. Although SE (Somatic Embryogenesis) can be
induced from diverse ﬂoral and vegetative explants, embryos are
produced at a rather low rate [10,23,39,43,46,51]. Secondary
embryogenesis is used to increase the simultaneous production of
numerous embryos, however limited to a handful of cultivars
[9,42]. Much progress is therefore expected for developing SE in
grapevine. The elucidation of molecular events occurring during
the embryogenic process would certainly contribute to this
purpose.
Due to technical convenience, embryogenesis has especially
been studied in model plants such as Daucus carota and Arabidopsis
thaliana, mutants having brought important information about this
process [16,21,53]. Numerous genes have been shown to be regu-
lated during zygotic and somatic embryogenesis: genes encoding
transcription factors and cell cycle regulators, homeotic genes,
hormone-inducible genes, maturation genes, and several genes
encoding extracellular proteins such as AGPs (ArabinoGalactan
Proteins) or secreted chitinases and lipid transfer proteins [7].
Recently, transcriptomic studies of chicory and wheat embryo-
genesis highlighted the regulation of a wide set of genes related to
several biosynthetic pathways [36,64]. Nevertheless, the speciﬁc
role of most genes as well as their functional connections remain to
be determined. Furthermore, while embryo morphogenesis and
maturation become more and more clear, very few is known about
the molecular events involved in the shift of a somatic cell to an
embryogenic state. SERK (Somatic Embryogenesis Receptor Kinase) is
the best characterized gene involved in early embryogenesis. First
identiﬁed in carrot, SERK was found to be especially expressed in
embryonic tissues of many dicots and monocots [24,29,61,63,65].
The ectopic expression of SERK1 in Arabidopsiswas shown to result
in the enhancement of embryonic cell formation, highlighting
its crucial role during embryogenesis induction [24]. LEC (Leafy
Cotyledon) and L1L (Leafy Cotyledon1 Like) genes that code for
transcription factors have also been shown to play a signiﬁcant role
in early steps of plant zygotic and somatic embryogenesis
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[1,15,22,35]. Recently, we characterized three SERK genes (VvSERK1,
VvSERK2, VvSERK3) and one L1L gene (VvL1L) expressed in a stabi-
lized embryogenic cell line of grapevine [62].
SE is usually obtained from tissues subjected to varied stresses
or treated with hormones, mainly the synthetic auxin 2,4-D (2,4-
Dichlorophenoxyacetic acid) [16,21]. This auxin analog is known for
its herbicide activity, inducing a general oxidative stress in treated
seedlings, followed by protein degradation that probably results in
phytotoxicity [60]. A short treatment of plant tissues is able to
trigger the reprogramming of somatic cells toward embryogenesis,
probably as a consequence of stress induction together with the
modiﬁcation of internal auxin content [53]. As a result, defence
proteins can be synthesized, further suggesting that SE is an
adaptative process of plant cells to stress [16]. Pathogenesis-Related
(PR) proteins are part of the plant defence responses. They are
divided among different classes based on their structure, serolog-
ical relationships and biological functions, and are usually observed
upon biotic and abiotic stresses [69]. Although some PR proteins
clearly show an anti-microbial activity, many reports deal with
a probable additional role in plant development, including SE. For
example, most proteins secreted during embryogenesis code for
chitinases or glucanases [53]. The accumulation of b-1,3-gluca-
nases, acidic chitinases and osmotin-like proteins is correlated with
SE, in chicory [26,27]. Chitinases belong to a large family of
enzymes able to hydrolyse the b-1,4-glycoside bond present in
biopolymers of N-acetylglucosamine, such as chitin, therefore
being thought to degrade fungi at the time of a pathogen attack. In
addition, chitinases can cleave plant endogenous substrates such as
cell wall AGPs, producing oligosaccharides that could play a role in
development as signal molecules [32]. A chitinase has been shown
to rescue the carrot mutant tsl1, arrested at the globular stage of
embryonic development, probably by the release of AGPs derived
molecules able to stimulate SE [11,68]. Likewise, although
concluding experiments suggest a defence role of PR10 proteins as
ribonucleases, these intracellular proteins are probably assigned to
additional functions in plant growth and development [38]. Betv1,
the major allergenic PR10 protein of birch, is able to bind such
diverse molecules as fatty acids, ﬂavonoids, cytokinins and brassi-
nosteroids, probably playing a role in the cytoplasmic transport of
hydrophobic ligands and interfering with hormonal regulation in
plants [17,33,40,45].
In the following study, we focused on the development of an in
vitro culture model allowing the recovery of large amounts of
synchronized somatic embryos, with the aim of stuying molecular
events of grapevine embryogenesis. We monitored the expression
of VvSERK1, VvSERK2, VvSERK3 and VvL1L on the one hand, and of
a set of defence genes, on the other hand: a PR3 gene and a PR8 gene
respectively coding for a typical basic vacuolar chitinase and an
acidic secreted chitinase, three PR10 genes and a PR1 gene coding
for a secreted protein with an unknown function.
2. Results
2.1. Induction of secondary embryogenesis
Embryogenic cultures previously obtained from the cultivar
‘Chardonnay’ were used to produce numerous embryos at the same
time (Fig. 1A). For inducing secondary embryogenesis, embryos
Fig. 1. Induction of secondary embryogenesis from somatic embryos of Vitis vinifera cv. ‘Chardonnnay’. (A) Starting embryogenic cultures providing numerous embryos at the same
time; (B) Embryo at the torpedo-stage; (C) Embryo at the cotyledonary-stage; (D) Compact yellowish callus obtained from an embryo after culture on a medium containing 2,4-D; (E)
Secondary embryogenic clusters composed of embryos at varied development stages on the surface of an embryogenic callus. Bars¼ 2 mm (A), 1 mm (C, D and E) and 0.5 mm (B).
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either at the torpedo- (Fig. 1B) or at the cotyledonary-stage (Fig. 1C)
were selected. To assess secondary embryogenesis efﬁciency, four
independant experiments were performed involving a total of 346
embryos, separately plated on a culture mediumwith 2,4-D. After 3
weeks, a compact and yellowish callus was obtained from every
embryo (Fig. 1D). After their transfer onto the medium A, calli
stopped growing and progressively turned brown. Clusters of
secondary embryos appeared on some calli within an additional
culture period of 1–4 months on the medium A (Fig. 1E): they were
composed of amix of very small and translucent globular structures
and of opaque white embryos at varied developmental stages. In
average, 29% of the plated embryos at the torpedo-stage and 68% of
the embryos at the cotyledonary-stage gave rise to secondary
embryogenic calli (Table 1). In a further experiment, embryos at the
cotyledonary-stage were used to induce secondary embryogenesis
at a high rate and perform molecular analyses.
2.2. Identiﬁcation of PCR products
PCR products were sequenced and compared to the whole Vitis
vinifera genome recently available in the Genoscope databank.
When required, a comparison with sequences of other ﬂowering
plants was performed, using the BLAST program of the National
Center for Biotechnical Information (NCBI) databank. The
sequences obtained with primers speciﬁc of VvSERK1, VvSERK2,
VvSERK3 and VvL1L cDNAs corresponded to the annotations
GSVIVT00001777001 on the chromosome 18, GSVIVT00019412001
on the chromosome 7, GSVIVT00009544001 on the chromosome
12 and GSVIVT00010958001 on the chromosome 10, respectively.
Theywere identical to those previously described [62]. As expected,
the sequence ampliﬁed with speciﬁc primers of a VvPR1 cDNA was
found to be identical to the accession AJ536326; it was located on
the chromosome 3. The sequence ampliﬁedwith speciﬁc primers of
a VvPR10.2 cDNA was identical to that of the VvPR10.2 gene of the
cultivar ‘Ugni blanc’ (AJ291704) and was located on the chromo-
some 5. The sequence ampliﬁed with the primers corresponding to
a VvPR3 cDNAwas found to be identical to the VCHI1b gene isolated
from ‘Pinot noir’ [4] and to VvChit1a from ‘Ugni blanc’ [58], located
on the chromosome 3 and coding for the same basic vacuolar class I
chitinase (AJ291505). The sequence ampliﬁed with primers corre-
sponding to a VvPR8 cDNA showed 97% homology with a class III
chitinase gene of the cultivar ‘Koshu’ (AB105374) and 93% with
a class III chitinase gene of ‘Pinot noir’ and ‘Ugni blanc’ (AJ291507).
This VvPR8 gene was found to be located on a contig not linked to
a known chromosome in the V. vinifera genome.
Two 244 bp long different sequences were ampliﬁed with
primers previously described for the speciﬁc ampliﬁcation of
a VvPR10.1 cDNA (AJ291705) [57]. A ﬁrst sequence showed 99.6%
homology with the Genoscope annotation GSVIVT00033089001
related to VvPR10.1, while a second sequence showed 100%
homology with a genomic sequence located on the chromosome 5
at a location clearly different from that of VvPR10.1. At this location,
two genomic sequences were annotated as separate very short
transcripts, but not as a single VvPR10 gene. However it corre-
sponded to grapevine ESTs in the banks of the Istituto Agrario di
San Michele all’Adige (IASMA), the Genoscope and the Dana-Farber
Cancer Institute (DFCI): ISMAAEST003738, CDMVvT00000963001
and TC74380, respectively, and was recognized as the incomplete
cDNA of a putative VvPR10 gene in the NCBI bank. The identiﬁcation
of the complete sequence was performed using a RACE-PCR
method. A set of primers was speciﬁcally designed for the elon-
gation and ampliﬁcation of this putative VvPR10 cDNA. A 799 bp
long sequence, colinear with the ﬁrst sequence of 244 bp, was
obtained and sequenced. The complete sequence included a 480 bp
long region coding for a polypeptide of 159 amino-acid residues,
a 50-UTR of 80 bp and a 30-UTR of 239 bp. The full gene corre-
sponding sequence deduced from the Genoscope databank is
interrupted by an intron of 129 bp. The nucleotidic sequence and
the predicted translation product present the characteristics of
genes and proteins related to the birch major pollen allergen Betv1
[28]: a conserved glycine-rich ‘‘P-loop’’ motif GXGGXGXXK at the
position 47–55 associated with a putative hydrophobic cavity at the
position 89–121 and an intron position at codon 62 (Fig. 2A), as well
as a calculated molecular mass of 17.4 kDa and a theoretical
isoelectric point of 6.3. The full amino acid sequence shows the
maximal percentage of identity (96%) with Vitis quinquangularis
PR10.3 (ABD78555), a high similarity with Vitis pseudoreticulata
PR10 proteins and is more distinct from V. vinifera PR10.1 and
PR10.2 (Fig. 2B and C). According to the nomenclature recom-
mendations, the corresponding gene has been named VvPR10.3 and
the cDNA sequence has been submittted for publication in the
GenBank available to EMBL in Europe and the DNA Data Bank of
Japan (NCBI): EU379313 coding for the protein ACA58119. The
ampliﬁcation of two distinct VvPR10 cDNAs with primers previ-
ously designed for the speciﬁc ampliﬁcation of a VvPR10.1 tran-
script [57] is explained by a high homology of VvPR10.1 and
VvPR10.3 sequences at the locations of primer hybridization. New
primers were then designed for the separate ampliﬁcation of
VvPR10.1 and VvPR10.3 (Fig. 3).
2.3. Gene expression
We recorded the expression of some PR genes during the whole
process of secondary embryogenesis as well as that of SERK and L1L
genes usually involved in plant embryogenesis (Fig. 4). Actin was
used as a reference gene. The transcription of all the genes except
VvPR1 was detected in cotyledonary embryos (E) at the beginning
of the experiment, although it was very weak for VvPR8, which
encodes a class III chitinase. Then, the expression of VvPR10.2 was
scarcely increased by the 2,4-D treatment, while that of VvPR1,
VvPR8, VvPR10.1 and VvPR10.3 was clearly up-regulated (C1). Calli
expressed every PR gene at the same level after being transferred
onto the medium A for one week, suggesting that gene expression
was not immediately affected by the removal of 2,4-D (C2). Later,
VvPR3 and VvPR10 transcripts were detected in calli, but not VvPR1
nor VvPR8 transcripts (NEC and EC). In clusters of secondary
embryos detached from embryogenic calli (CSE), the expression of
VvPR3 and VvPR10 genes was detectable at a lower rate than in
embryogenic calli, whereas that of VvPR1 and VvPR8 was not
detected at all. On the whole, PR genes were similarly expressed in
secondary embryogenic clusters (CSE) and in embryos at the
beginning of the experiment (E). In germinated embryos (GE), these
genes were expressed at the same or at a weaker level than in
cotyledonary embryos (E) and secondary embryogenic clusters
(CSE). Together, these results show that PR genes were differently
induced by the 2,4-D treatment, VvPR1, VvPR8, VvPR10.1 and
Table 1
Efﬁciency of secondary embryogenesis. Somatic embryos either at the torpedo-stage
(experiments A and B) or at the cotyledonary-stage (experiments C and D) were
separately treated for inducing secondary somatic embryogenesis.
Embryo stage Torpedo Cotyledonary
Experiment A B C D
Number of plated embryos 79 117 85 65
Number of secondary embryogenic calli 23 34 65 39
Secondary embryogenesis efﬁciency % 29.11 29.06 76.47 60.00
Average efﬁciencya % 29.09 0.04 68.24 11.65
a Average efﬁciency¼mean of secondary embryogenesis efﬁciencies obtained in
separate experiments and calculated as the number of secondary embryogenic calli
recovered from 100 tested embryos, standard deviation.
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Fig. 2. Sequence analysis of Vitis vinifera PR10.3 (ACA58119) and comparison with other PR10 proteins in Vitis sp. (A) Nucleotidic sequence and predicted translation product of
VvPR10.3. The main characteristics of Betv1-related proteins are presented: a P-loop motif at the amino-acid position 47–55, a hydrophobic cavity at the amino-acid position 89–121
and an intron position indicated by an arrow at the codon 62. Bold letters indicate the ATG initiation codon; (B) Alignment with ClustalW of the amino-acid sequence of Vitis vinifera
PR10.3, with the most related PR10 proteins: Vitis quinquangularis PR10.3 (ABD78555), Vitis pseudoreticulata PR10 (ABC86747), PR10.1 (ABD78554) and PR10.2 (ABC78556), and Vitis
vinifera PR10.1 (CAC16166) and PR10.2 (CAC16165); (C) Unrooted dendrogram showing the approximate distance of Vitis vinifera PR10.3 with the most related Vitis PR10 sequences.
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VvPR10.3 being very responsive to the treatment, contrary to VvPR3
and VvPR10.2. Further, only VvPR3 and VvPR10 transcripts were
detected in calli at the latest culture steps (NEC and EC). Contrary to
defence genes, VvSERK1, VvSERK2 and VvL1L expression was
recorded at the highest level in cotyledonary embryos at the
beginning of the embryogenic process (E) and in secondary
embryogenic clusters (CSE). It was slightly down-regulated by the
2,4-D treatment (C1) and remained low in calli (C2, NEC and EC). By
contrast, VvSERK3 expression was rather stable during the experi-
ment. In germinated embryos (GE), the expression of SERK and L1L
genes was similar or lowered compared to cotyledonary embryos
(E) or secondary embryogenic clusters (CSE).
3. Discussion
3.1. Induction of secondary embryogenesis
Embryogenic cultures provided us with numerous secondary
embryos that we brought to an additional embryogenic cycle.
Embryos at the torpedo- or cotyledonary-stage were separately
plated on a medium containing 2,4-D to form calli. After being
transferred onto the medium A, some calli gave rise to clusters of
secondary embryos within a period of 1–4 months. SE was there-
fore an indirect process. As a result, 29–76% of the plated embryos
were led to secondary embryogenesis. In previous experiments
Fig. 3. Hybridization of three primer pairs with VvPR10.1 and VvPR10.3 cDNAs: ‘0152–0276’ detecting the two cDNAs, ‘SL101–439’ for the speciﬁc detection of VvPR10.1, and ‘SL103–
250’ for the speciﬁc detection of VvPR10.3. Bold types indicate nucleotidic differences at the hybridization sites. The ATG initiation and TAA terminator codons are underlined.
Slashes indicate the intron position.
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aimed to induce primary embryogenesis, we showed that only 6%
of nodal explants from the cultivar ‘Chardonnay’ gave rise to
embryogenic calli [39]. This result is in accordance with other
studies showing that secondary embryogenesis is more effective
than primary embryogenesis in grapevine [9,42], just as in other
plant species [54]. It further suggests that embryos are more suit-
able than vegetative organs for SE induction. Futhermore, the use of
zygotic embryos has made SE possible for plant species considered
to be recalcitrant [21]. Embryos at the cotyledonary-stage gave
around 2.3 fold more embryogenic calli than younger embryos,
showing that they were more responsive to SE induction. Likewise,
immature zygotic embryos of Arabidopsis, with fully-developed
cotyledons, gave better results than younger embryos in secondary
SE experiments [20]. On the contrary, hot pepper embryos at the
globular- and heart-stage were found to have a higher potential
than cotyledonary embryos for direct SE [48]. Different responses
can thus be obtained depending on the species and/or protocol. Our
protocol induced indirect SE: a cell dedifferentiation step followed
by cell proliferation resulted in a growing callus before the devel-
opment of secondary embryos. Arabidopsis zygotic embryos at the
cotyledonary-stage can also be led to indirect SE; secondary
embryos develop from proliferating cells arising from the cotyle-
dons, but never from the other parts of the embryo, showing that
cotyledons contain those cells able to enter an embryogenic
program [55]. This further suggests that well-developed embryos
are quite suitable for inducing SE.
3.2. Expression of SERK and L1L genes during embryogenesis
The ability of differentiated tissues to generate embryos, termed
‘embryogenic competence’, is often induced by a stress or
a treatment with hormones [16,21]. Embryogenic competence is
generally accompanied by an enhanced expression of SERK genes
coding for transmembrane somatic embryogenesis receptor
kinases. SERK expression has thus been recorded in zygotic and
somatic embryos of numerous plant species [24,29,61,63,65].
Moreover, AtSERK1 overexpression has been shown to increase
embryogenesis in Arabidopsis [24]. SERK is therefore seen as
a ubiquitousmarker of plant embryogenic competence. LEC and L1L
genes have also been shown to interfer with early plant embryo-
genesis [1,15,22,35]. We previously characterized three SERK genes
in grapevine: VvSERK1, VvSERK2 and VvSERK3, homologous to
AtSERK1, AtSERK2 and AtSERK3, as well as a L1L gene homologous to
AtL1L: VvL1L; these four genes were shown to be expressed in
a stabilized embryogenic cell line of Chardonnay [62]. During
secondary SE, VvSERK1, VvSERK2 and VvL1L expression was
detected in embryos at the beginning of the experiment. It was then
down-regulated by the 2,4-D treatment. Their transcription
remained low in calli at every culture step, was enhanced in
secondary embryogenic clusters and further decreased during
conversion of embryos into plantlets. The highest transcription
level of VvSERK1, VvSERK2 and VvL1L was found in embryos at the
beginning of the experiment and in secondary embryogenic clus-
ters, suggesting a role for the encoded proteins in grapevine
embryogenesis. On the contrary, VvSERK3 transcription was rather
stable in all tissues examined. These results are in accordance with
studies on Arabidopsis, which showed that AtSERK1 and AtSERK2 act
redundantly in embryogenesis [8], while AtSERK3 is rather involved
in plant immunity [25] and brassinosteroid signaling [37,49]. AtL1L
has also been shown to be speciﬁcally expressed in early and late
stages of embryo development in Arabidopsis [35].
VvSERK1, VvSERK2 and VvL1L expression was identical in non-
embryogenic calli and embryogenic calli cleared of embryogenic
clusters. Embryogenic competence is thought to be limited to
a small subset of plant cells. In carrot, they derive from cytoplasmic
rich cells originating from the provascular elements of the hypo-
cotyl and proliferating after the 2,4-D treatment [63]. In Dactylis,
small cytoplasmic rich competent cells are located close to the
vascular bundles [65]. In Arabidopsis plant lines expressing
a SERK1-YFP fusion protein, a prolonged 2,4-D application on
seedling hypocotyls was shown to result in the multiplication of
procambium cells speciﬁcally expressing AtSERK1, as visualized by
ﬂuorescence monitoring [34]. Likewise, in our culture model, the
shift toward ‘embryogenic competence’ could ﬁrstly concern only
a very small part of the callus cells, led to the execution of a new
genetic program. These cells, at the origin of embryogenic clusters,
could express SERK and L1L genes as an evidence of embryogenic
competence acquisition, while the rest of the callus would not.
Therefore, a very weak modiﬁcation of transcription, due to scarce
competent cells into the whole callus, would only be detectable by
histological localisation methods.
VvSERK1, VvSERK2 and VvL1L expression slightly decreased
following the 2,4-D treatment and remained low in calli. In control
experiments, when embryos were continuously cultured on the
medium A, being not previously treated by 2,4-D, or when 2,4-D
was replaced with a weak auxin such as NAA (NaphtaleneAcetic
Acid), no secondary embryogenesis was observed, strongly sug-
gesting that 2,4-D is necessary for inducing SE (data not shown).
The synthetic auxin 2,4-D is thought to be crucial for the acquisition
of embryogenic competence, acting as a shock triggering cell divi-
sion before the development of somatic embryos [7,16]. However,
although some SERK genes have been tightly linked to embryogenic
competence, their expression is not always observed in freshly 2,4-
D-treated tissues. When wheat leaf bases are submitted to a 2,4-D
treatment, SERK is ﬁrstly down-regulated, being strongly expressed
only at the time of embryo differentiation [64]. In other respects,
Fig. 4. Expression of Vitis vinifera Actin, L1L, SERK, and PR genes, during induction of
secondary embryogenesis. E: cotyledonary embryos at the beginning of the experi-
ment; C1: calli developed from embryos on the medium E96; C2: calli after one week
subculture on the medium A; NEC: non-embryogenic calli and EC: embryogenic calli
cleared of embryogenic clusters, after 12 weeks on the medium A (3 subcultures); CSE:
clusters of secondary embryos; GE: germinated embryos.
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a high expression of SERK is not restricted to embryogenic
competent cells. InMedicago truncatula, a treatment with NAA and
BAP was found to stimulate SERK expression in two different cell
lines, one being embryogenic and the other not [50]. Likewise, in
sunﬂower, SERK is up-regulated in immature zygotic embryos
driven either to organogenesis or to somatic embryogenesis, sug-
gesting that SERK expression alone is rather correlated to an intense
mitotic activity [67]. In our culture system, VvSERK1, VvSERK2 and
VvL1L expression was the highest in cotyledonary embryos as well
as in secondary embryogenic clusters, showing that the corre-
sponding proteins could play a role in the early development of
grapevine.
3.3. Characterization of a VvPR10.3 gene
Using primers designed for the ampliﬁcation of VvPR10.1, we
detected a VvPR10.3 transcript. We determined that it probably
codes for a protein structurally related to the major food and pollen
allergens of trees, close to birch Betv1 [3] and very similar to V.
quinquangularis PR10.3 (ABD78555). Plant PR10 proteins show
a very conservative sequence and a similar three-dimensional (3D)
structure. They possess a characteristic P-loop (Phosphate-binding
motif) sequence and a hydrophobic cavity, making the ‘Betv1-
signature’ [28]. The P-loop is presumed to function as a binding site
for ATP or GTP, involved in RNase and anti-microbial activity, and
the Y-shaped hydrophobic cavity is able to bind hydrophobic
molecules such as fatty acids, ﬂavonoids, cytokinins and brassi-
nosteroids for their probable intracellular transport
[17,33,38,40,45]. We found that the nucleotidic sequence of
VvPR10.3 is very homologous to that of VvPR10.1 and VvPR10.2,
suggesting that all three genes could originate from a common
ancestral sequence, as proposed for PR10 genes of birch, apple and
passiﬂora [2,18,70].
3.4. Induction of PR genes by the 2,4-D treatment
Transcription of VvPR3, VvPR8 and of the three VvPR10 genes
was detected at the beginning of the experiment, suggesting a basal
expression of these genes in embryos, although at a very low rate
for VvPR8. However, VvPR1 transcription was not detected at all. As
a result of the 2,4-D treatment, VvPR1, VvPR8, VvPR10.1 and
VvPR10.3 were strongly up-regulated, while VvPR10.2 was only
weakly stimulated and VvPR3 not affected at all. The induction of
some defence reactions is not surprising; 2,4-D is known to trigger
an oxidative stress in treated tissues [60]. In a recent proteomic
study, grapevine cultures strongly expressed varied defence related
proteins after a treatment with 2,4-D [41]. Although not really
understood, the relation between stress and SE is well documented,
SE being also obtained, in some plant species, using non-hormonal
inducers like wounding, high salt concentration, heavy metal ions
or osmotic shock [16,53]. In fact, SE is thought to be an adaptative
process to stress, resulting from the extensive cellular reorganiza-
tion and the genetic reprogramming of treated tissues [16].
However, we found that VvPR3, encoding a class I chitinase, was not
very responsive to the 2,4-D treatment, contrary to VvPR8, encod-
ing a class III chitinase. Likewise, VvPR10.1 and VvPR10.3 were
strongly up-regulated after the 2,4-D application, but not VvPR10.2.
These results highlight a differential response to 2,4-D of PR genes
encoding proteins with a similar enzymatic function. This further
suggests that the two genes encoding chitinases (VvPR3 and VvPR8)
as well as the three VvPR10 genes could be regulated in different
ways and have separate roles in grapevine.
PR3 (a class I chitinase) is a basic enzyme located in the vacuole,
whereas PR8 (a class III chitinase) is acidic and secreted to the
apoplast. Plant chitinases can hydrolyse the b-1,4-glycoside bond
present in biopolymers of N-acetylglucosamine, such as fungal
chitin, as well as plant endogenous AGPs, releasing oligosaccha-
rides that could play a role as signal molecules involved either in
plant defence or in plant development [32]. PR3 and PR8 proteins
have already been studied in different grapevine cultivars and their
induction tested either upon pathogen attack or chemical treat-
ment. According to these previous studies and despite complex
patterns of response depending on the treatment and tissue type,
general features may be drawn. PR8 is clearly related to grapevine
SAR (Systemic Acquired Resistance), being induced by the chemical
inducers SA (Salicylic Acid) and INA (2,6-dichloroIsoNicotinic Acid)
[4], as well as during the incompatible interaction with Pseudo-
monas syringae [58]. On the contrary, PR3 seems to be constitutive,
being expressed in untreated leaves and induced by wounding but
not by SA or INA [6, 58]. This class I chitinasewould not therefore be
a marker of the SAR, although weakly induced under some path-
ogenic situations [6]. Consistent with these results, we found that
VvPR3 was continuously expressed during the whole culture,
whereas VvPR8 behaved as a typical defence gene, being induced by
the 2,4-D stress.
A different expression proﬁle was also found for PR10 genes:
VvPR10.1 and VvPR10.3 were strongly induced by the 2,4-D treat-
ment but not VvPR10.2. PR10 is a unique group of intracytoplasmic
small proteins often constitutively synthesized and thought to play
a role in plant development and growth; they are also produced
under pathogen attack and in response to abiotic stress [38]. In
grapevine, VvPR10.1 was shown to be up-regulated during an
incompatible interaction of the cultivar ‘Ugni blanc’ with P. syringae
[57], while several PR10 genes were expressed in ‘Cabernet-Sau-
vignon’ following a fungal infection [19]. A PR10 protein closely
related to V. quinquangularis PR10.3 was highly expressed in
‘Riesling’ leaves infected with Plasmopara viticola [52]. Moreover,
PR10 proteins were produced at a very high level in grapevine
plants submitted to a salt stress [31] or treated with the herbicide
ﬂumioxazin [5]. In our experiment, VvPR10.2 was continuously
expressed during the entire SE process, being only weakly up-
regulated by the 2,4-D treatment. By contrast, VvPR10.1 and
VvPR10.3 were strongly induced, as expected for defence genes.
Not detected in cotyledonary embryos at the beginning of the
protocol, VvPR1 expression was highly induced by the 2,4-D treat-
ment. PR1 is a dominant group of PR proteins commonly used as
markers of the SAR in many plants, despite a limited antifungal
activity [69]. We previously showed that VvPR1 is induced by SA but
not under pathogen attack in whole grapevine plants, suggesting
that it is not a goodmarker of grapevine SAR [6]. Other authors have
reported a continuous expression of VvPR1 in cell cultures and in in
vitro plantlets but not in greenhouse plants, suggesting induction
by a kind of ‘in vitro stress’ [71]. In the present study, VvPR1 tran-
scriptionwas detected in calli after the 2,4-D treatment, but neither
in embryos nor in calli at the last culture steps, showing that it was
not a response to an ‘in vitro stress’. Although both located on the
chromosome 3, the VvPR1 gene we monitored (AJ536326) and the
one studied byWielgoss and Kortekamp [71] (AJ003113) correspond
to Genoscope annotations, respectively GSVIVT00038582001 and
GSVIVT00038576001, bearing sufﬁcient differences to be considered
as separate genes. Three different PR1 proteins have been previously
found to be induced by chemicals, wounding, as well as upon
pathogen attack, therefore suggesting that several different VvPR1
genes could be active in grapevine [56].
3.5. Putative role of PR proteins in SE
After the ﬁrst culture step on a medium containing 2,4-D, all PR
genes were expressed at a high rate, as a probable sign of oxidative
stress. VvPR1 and VvPR8 were only transiently expressed after the
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2,4-D treatment. Therefore, their role in the embryogenic process
remains unclear. By contrast, VvPR10.1 and VvPR10.3 were
expressed long after the 2,4-D removal, together with VvPR3 and
VvPR10.2. The class I chitinase encoded by VvPR3 as well as the
three PR10 proteins could therefore play a role during SE induc-
tion. In plant cell cultures, many different proteins are secreted;
some of them are chitinase-like proteins, that have been shown to
stimulate SE, for instance in grapevine, chicory, carrot, Coffea
arabica and Norway spruce [13,27,59,68,72]. Plant chitinases may
act by hydrolysing endogenous proteoglycans attached to the
membranes or cell walls, such as AGPs, producing signal molecules
that could have a function in SE [32]. A class IV chitinase, able to
release oligosaccharides from cell AGPs, was shown to rescue the
carrot tsl1 mutant, impaired in embryo development [11,68].
Likewise, PR10 proteins would be able to condition cell cultures for
SE, probably by interfering with the intracellular transport of
hormones [17,33,38,40,45]. The overexpression of a PR10 gene in
a transgenic pea led to an elevated cytokinin content and
a decreased abscisic acid level, suggesting that changes in the PR10
content could be relevant for phytohormone regulation [66]. In M.
truncatula, some PR10 have been shown to be the most abundant
proteins induced by a 2,4-D treatment leading to SE [12,30].
Moreover, a PR10 gene was highly expressed during SE induction,
starting from alfalfa protoplasts: a ﬁrst pulse of transcription fol-
lowed 2,4-D application and was interpreted as a stress response;
the second pulse occurred later, at the time of embryo differenti-
ation, suggesting an additional role of the encoded protein in
morphogenesis [14]. However, PR10 expression was also recorded,
during SE induction, in a highly (2HA) as well as in a poorly
(Jemalong) embryogenic cell line of M. truncatula, suggesting that
PR10 proteins could contribute to the conditioning of cultures but
would not act alone for inducing the shift to embryogenesis [30]. In
our SE model, all PR genes were expressed in the same way in
embryogenic and non-embryogenic calluses, showing that both
callus types had similarly been conditioned during the culture. A
change was only observed in embryogenic clusters: VvPR10.1 and
VvPR10.3were down-regulated, while VvSERK1, VvSERK2 and VvL1L
were up-regulated, as the sign of the starting up of a new genetic
program. In a proteomic analysis of SE, in the grapevine cultivar
‘Thompson seedless’, two forms of a PR10 protein were also down-
regulated in young embryogenic clusters, whereas highly expressed
in the underlying callus [41]. We found that VvPR10.1 and VvPR10.3
behaved differently from the other PR genes in our culture model.
They were up-regulated by the 2,4-D treatment, being expressed
for a long time in calli before the differentiation of secondary
embryos. This suggests a possible speciﬁc role of the corresponding
proteins in conditioning grapevine cultures for SE.
4. Materials and methods
4.1. Induction of secondary embryogenesis
Embryogenic cultures of V. vinifera cultivar ‘Chardonnay’ were
previously obtained from nodal explants and maintained as
described [39]. Culture media contained Murashige and Skoog [47]
half strength major salts, micro-salts and vitamins, sucrose, and
a mixture of growth regulators added before autoclaving. The pH
level was adjusted to 5.8 by adding 1N NaOH. Media were solidiﬁed
by adding 0.7% Bacto-Agar and sterilized by autoclaving at 115 C
for 30 min. Culture incubation was performed at 25 C, in the dark.
To induce secondary embryogenesis, intact and well-formed
embryos were picked-up from embryogenic cultures. To assess
secondary embryogenesis efﬁciency, four independant experi-
ments were carried out, with embryos either at the torpedo-stage
(experiments A and B) or at the cotyledonary-stage (experiments C
and D). For molecular analyses, secondary embryogenesis was
induced from cotyledonary embryos. Embryos were separately
plated onto the medium E96 containing 60 g L1 sucrose, 9 mM BAP
(6-BenzylAminoPurine) and 4.5 mM 2,4-D. A set of 14 embryos was
placed in each Petri dish (60 mm of diameter). Cultures were
incubated for 3 weeks to produce calli. Subculture was performed
by transferring the calli onto the medium A containing 60 g L1
sucrose, 2.5 g L1 activated charcoal, 20 mM IAA (Indole-3-Acetic
Acid), 10 mM NOA (2-NaphtOxyacetic Acid) and 1 mM BAP. Transfer
onto a fresh medium occurred every 4 weeks until clusters of
secondary embryos appeared on calli. For germination of secondary
embryos, embryos at the cotyledonary-stage were transferred, 3
per Petri dish, onto a medium containing 25 g L1 sucrose and
0.2 mM BAP, and incubated for 4–8 days.
4.2. Collecting of tissues for molecular analysis
Tissues were collected at different steps of the secondary
embryogenesis process: cotyledonary embryos at the beginning of
the experiment (E); calli developed from embryos on the medium
E96 (C1); calli after a one week subculture on the medium A (C2);
non-embryogenic calli (NEC) and embryogenic calli cleared of
embryogenic clusters (EC) after 3 subcultures on the medium A;
and clusters of secondary embryos (CSE). Germinated embryos (GE)
bearing a visible apical meristem, two developed cotyledons and
a differentiated root were also collected. Samples were composed
of pools of embryos or calli, carefully harvested and freezed in
liquid N2 for preserving at 80 C.
4.3. RNA extraction
Total RNA was extracted using the ‘Nucleospin RNA plant kit’
(Macherey-Nagel, Germany) following the manufacturer’s instruc-
tions with slight modiﬁcations: samples corresponding to around
100 mg fresh tissue were ground in liquid nitrogen and transferred
into 500 mL buffer RA1 after the addition of 2.5% PVP 40, 1%
b-mercaptoethanol and 2% sarkosyl (chemicals purchased from
Sigma–Aldrich, Germany). Incubation was performed at 70 C for
10 min. Total RNA was quantiﬁed by Optical Density measurement.
The absence of contaminating genomic DNA was checked by
a PCR test with the total RNA extract as a template and VvActin
primers.
4.4. Semi-quantitative RT-PCR analysis
RT-PCR ampliﬁcations were performed using the ‘Superscript II
First-Strand Synthesis system’ (Invitrogen, USA), starting from 1 mg
total RNA. cDNA synthesis was performed at 50 C for 60 min and
then 70 C for 15 min. Ampliﬁcations were carried out according to
the following program: 30 s at 95 C (denaturation), 30 s at 55 C
(annealing) and 1 min at 72 C (extension), with a ﬁnal elongation
step at 72 C for 7 min. Prior to expression analysis, VvActin was
used as a standard to determine the exponential zone of ampliﬁ-
cation in a PCR test of 28 cycles with 5 serial half-dilutions of each
cDNA sample. The appropriate dilutions were then used in PCR
ampliﬁcations of 32 cycles. Three independent PCR reactions were
performed for each gene, giving rise to very reproducible results.
We used primer sequences corresponding to the different genes
and deduced from the nucleotide sequences available in the banks
of the National Center for Biotechnology Information (NCBI)
(http://blast.ncbi.nlm.nih.gov) and the Genoscope (http://www.
genoscope.cns.fr): forward 50-TGC TAT CCT TCG TCT TGA CCT TG-
30 and reverse 50-GGA CTT CTG GAC AAC GGA ATC TC-30 for VvActin
(AF369525), forward 50-GCC TAC GCC CAG AAC TAT GCT AAC-30 and
reverse 50-CGA ACC ACC ACC CAT TGT TG-30 for VvPR1 (AJ536326),
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forward 50-TGT AGC AAC TAA GAC GTT TAT TCA-30 and reverse 50-
GCC AGC TTA TTA CCA GGT CCA T-30 for VvPR3 (AJ291505), forward
50-ATC ATC GTC TCG GCC ATT AG-30 and reverse 50-AGA GCA GTG
CCC ATG AAC TT-30 for VvPR8 (AJ291507), forward 50-CAA CCA CAG
TGT AGC TGA ATG TGA AG-30 and reverse 50-CGA GAG TGA GGT CAC
TTC CTC G-30 for VvPR10.1 (AJ291705), forward 50-CGA TCA CAG TGT
AGC GGA ATGAGA AT-30 and reverse 50-AAG CTA TCA AGT GCG TGG
AAG TCA TT-30 for VvPR10.2 (AJ291704), forward 50-TGT TTA AGA
GAA CGC CC-30 and reverse 50-GAG TTG GAG TGA GGA GCG-30 for
VvSERK1 (GSVIVT00001777001), forward 50-GCC TAA GAG AAC GTC
CAC CAT-30 and reverse 50-ACC TCC TGA CGG ACG ACC-30 for
VvSERK2 (GSVIVT00019412001), forward 50-GTT TGAGAGAGC GAG
CTG ATG-30 and reverse 50-GGT GGG GGA TAT GGT TGT A-30 for
VvSERK3 (GSVIVT00009544001), forward 50-CAG CCA TGG AAG
ACA CTG AAT GCA-30 and reverse 50-CCT TCA AGC TCG CGG TAG
TGG TGG-30 for VvL1L (GSVIVT00010958001). The resulting
ampliﬁcation products were analyzed by electrophoresis on a 1.5 %
agarose gel and stained with ethidium bromide. Sequencing of the
PCR products was performed in order to determine the ampliﬁed
sequences (Genoscreen, France). Nucleic acid homology search was
performed through the databases of the NCBI, the Genoscope, the
Istituto Agrario di San Michele all’Adige (IASMA) (http://genomics.
research.iasma.it) and the Dana-Farber Harvard Cancer Institute
(DFCI) (http://compbio.dfci.harvard.edu). Sequence alignments
were performed using the program ClustalW of the European
Bioinformatics Institute (EBI) (http://ebi.ac.uk).
4.5. Rapid ampliﬁcation of cDNA ends (RACE)
Further determination of a cDNA sequence ampliﬁed with the
VvPR10.1 primers was performed using a RACE-PCR protocol with
oligonucleotides allowing to extend it in both directions (toward
the 50 and the 30 regions), and leading to slightly overlapping
sequences. RACE samples were prepared from the poly(A)þ RNA
using the ‘‘50/30 RACE Kit’’ (Roche, France), following the manu-
facturer’s instructions. 50RACE required three antisens speciﬁc
primers: 50-GGG ACC TCC CTG TCC TTG TAG-30 (SP1); 50-CTT GAG
GCC TTA TCT TGG G-30 (SP2) ; 50-CGA GGA AGT GAC CTC ACT CTC G-
30 (SP3), whereas 30RACE required only one speciﬁc forward
primer: 50-CTA CAA GGA CAG GGA GGT CCC-30 (SP5).
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